This paper presents a fully unsupervised segmentation method for the segmentation of 3D DESS MRI images of the human knee. Five MRI knees manually segmented by human experts are used as reference atlases to automatically segment subsequent MRI images. The five segmentations are averaged to create the knee segmentation. The methodology was tested on the pilot Osteoarthritis Initiative (OAI) image set of MRI DESS sequences. The data includes longitudinal images from healthy normals and subjects with osteoarthritis (OA) scanned twice at baseline and at the 24 month follow-up. The segmentation methodology was able to create precise cartilage segmentations of the knees that were used to extract volume, thickness and subchondral bone plate curvature information of the knee. The quantitative thickness showed precisions ranging from 0.025mm to 0.051mm. The longitudinal reproducibility of the cartilage thickness measurement methodology showed intra-class correlations coefficients (ICC) ranging from 0.39 to 0.79.
INTRODUCTION
OA is an extraordinarily prevalent disease affecting millions of adults [1] . Despite this fact, OA is still a poorly understood disease with a heterogeneous presentation of joint degradation that may include joint pain, synovial inflammation, osteophytes, bone lesions, meniscus, cartilage degradation, etc. Among OA associated features, cartilage degradation remains a prominent pathophysiological component.
Many experts agree that magnetic resonance imaging (MRI) may be the best imaging technique for monitoring progression of OA of the knee [2] . It defines both calcified as well as soft tissue joint components and its tomographic viewing perspective obviates morphological distortion, magnification and superimposition of the standard radiological evaluations by plain films.
Furthermore, MRI of the knee can directly visualize hyaline articular cartilage and observe the whole joint in one examination, meaning that the cartilage defects in the joint can be visualized directly regardless of their location [2] . Unfortunately, while early quantitative MRI has demonstrated great promise [3] [4] [5] , recent studies using the OAI data and other OA cohorts have shown the responsiveness to progression of many morphological parameters is small [6, 7] . Therefore, the value of the reported morphological parameters in defining disease stage and as a tool to monitor disease progression in clinical trials is not clear.
The objective of this work was to create an advanced image analysis tool that can precisely characterize and measure cartilage changes in volume, thickness and shape changes in natural OA progression. The tool is composed of atlases of the knee anatomy that are morphed and matched to each new MRI image of the knee. After morphing, advanced image analysis is used to precisely classify each voxel in the image according to the predominant voxel classification of the five segmentations. This approach enables very reproducible results knee segmentation that may be required to observe the minute changes due to the progression of the disease. In the following sections, we will describe the methodology and provide the results of its performance on the pilot scanrescan OAI data.
MATERIAL AND METHOD

Study Participants
19 subjects initially participated in the OAI pilot study and all of them met the general OAI eligibly criteria with a lower age limit of 40 years [8] . The scan-rescan study was performed at the Ohio State University and Memorial Hospital of Rhode Island with approval of the local institutional review board. One knee per subject was scanned with the goal of having half self diagnosed OA and half healthy normal subjects. At the time of the 24 month follow-up only 12 subjects were scanned successfully on the same knee. 
MR Acquisition
The MRI acquisition consisted of a test-retest protocol on a 3T MRI scanner (Siemens Magnetom Trio, Erlangen, Germany) using quadrature transmit-receive knee coils (USA Instruments, Aurora, OH) [9] . After the first scan the subjects were allowed to walk for approximately 10 minutes and then were re-scanned. All images were reviewed for image quality by the technologist. 3D FLASS and 0.7mm slices thickness 3D DESS with water excitation images were acquired during the MRI session. The 3D DESS series was used for this study. 24 Month after the first scan 15 subjects were rescanned again using the same test-retest protocol. Of the 15 subjects, only 12 MRI scan-pairs included the same knee.
Image Segmentation
All the segmentations of the DESS image sets were done by CiPAS (IMITEK, Monterrey, NL, México) using a set of plug-in algorithms built using ITK open source libraries (http://www.itk.org/). Fig. 1 shows the overall workflow of the image segmentation process used for the analysis of the MRI images. The process consists of first using a group of pre-labeled MRI sets to create atlases to guide the imagemorphing approach. Four MRI sets used for manual atlas creation were selected from the OAI image data set 0.D.1. One of the atlases was built using one of the subjects from the pilot OAI data. The manual labeling consisted of tracing each one of the major bones in the knee anatomy (Femur, Tibia and Patella).
The bone segmentation was followed by expert tracing of the cartilage tissue. Once this was complete, the expert also labeled different regions of interest: Trochlea, central medial weight bearing, central lateral weight bearing, medial condyles and lateral condyles. Those ROIs were used to extract localized measurements of cartilage tissue. Once the five atlases were completed we proceed to perform the image segmentation. The first step consisted of an affine registration of the atlas set to the input MRI set in order to morph the atlas to the subject knee. After that, a spline deformation was applied to further adjust the segmentation to the data. Then, a free-from boundary matching was used to match all the atlas boundaries to the input image data, followed by a voxel by voxel reclassification based on a maximum posteriori model of the voxels' classes. This was done on all segmentations to precisely match the MRI contrast information. After this process, five different segmentations were obtained. The five segmentations were then analyzed by a voting algorithm that combined the voxel classification into a single labeled voxel. The final label of each voxel represented the most common label among the five segmentations. Finally, in order to impose a degree of smoothing, the subject segmentation was relaxed. Fig. 2 shows a single slice of the final segmentation, and the final 3D reconstructed image.
Image Quantification
Once all the subjects have been segmented a computer algorithm does a 3D reconstruction of the segmented surfaces and extracts the volume, the surface areas, the articular voxel to subchondral voxel thickness values, and the mean curvature for each voxel on the subchondral bone plate. Each one of those measurements in exported to an XML file that can be read by Excel (Microsoft, Seattle, USA). 
Statistical Analysis
The numerical data was examined to compute the mean, standard deviation, minimum, maximum and values range for the population. The scan rescan data was used to compute the measurement differences for each data pair and from those, we computed the standard deviation of the differences. The estimation of the error variance was done by dividing by the square root of two. These numbers were reported for the volume, thickness and curvature of the entire femur, entire tibia, medial tibia, lateral tibia, central medial femur and the central lateral femur. Measurement error, precision error and intraclass correlation coefficient (ICC) were computed for all measurements. The two 24 month observations and the two baseline observations were subtracted to create four independent longitudinal changes. Using those independent changes, the correlations between changes as well as the ICC were computed. Table I shows the result of the quantitative analysis. The reported volume performance varied from 2.5% to 7.5%. Thickness precision ranged from 4.4% to 7.0% while subchondral bone plate curvature ranged from 5.1% to 16.4%. The Thickness ICC ranged from 0.93 to 0.97. The absolute precision of the thickness measurements was 0.025 mm. Table II shows the performance of the system when monitoring changes. The reproducibility of the changes is limited by the degree of change observed during the two year observation. In this case the observed changes were reproduced by the independent test-retest experiments. Thickness Pearson correlation coefficients ranged from 0.37 to 0.85 and confirmed by ICC (0.39 to 0.79). Volume changes were reproduced with ICC ranged from 0.33 to 0.80. Curvature changes were not as reproducible (0.0<ICC<0.68; -0.4<r<76).
RESULTS
CONCLUSIONS
This work shows that it is possible to get precise quantitative data automatically from OAI data sets. The measured degree of precision enabled detection of reproducible changes in a two year period using only 12 subjects from the pilot OAI data. The main limitation of the system is that it may introduce some atlas bias to the measurement. The system mitigated this defect by the introduction of five different atlases, but those atlases are still based on normal knee anatomy. Therefore this system may not be applicable to advanced OA subjects that have large focal cartilage lesions.
As next steps, we will evaluate the performance of the system in large OAI data sets and corroborate the observed changes by other OAI investigators. 
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